In this study, a theoretical analysis of a solar field augmented by a fixed reflector placed in the front between the top of the preceding row and the bottom of the succeeding row is presented. An analytical model has been developed and used to estimate the solar irradiation. The analytical model is based on the anisotropic sky model, assuming an infinite length of collector and reflector rows. A simulation has been carried out in order to figure out the behavior of the solar field and to find the optimum design parameters of the solar field leading to a maximum solar energy augmentation. The results obtained are depicted synoptically as a relationship between the solar field design parameters and the latitude angle, and this presentation enables us to determine the optimum design parameters in order to achieve the intended percentage improvement of solar radiation incident on the solar field rows at any location on the Northern hemisphere, which presents the novelty of this research. Also we have introduced a new parameter named "the effective height of the collector", which presents the portion of the collector's height illuminated by the reflector. This parameter is very important especially in case of PV solar fields, because it determines the domain of the concentrated solar energy over the surface of the PV panel.
Introduction
Many concentrator types are possible for increasing the flux of radiation on receivers. They can be reflectors or refractors. They can be cylindrical to focus on a "line" or circular to focus on a "point". Receivers can be concave, flat or convex. Tubular absorbers with diffuse back reflector, tubular absorbers with specular cusp reflector, plane receiver with plane reflectors; parabolic concentrator; fresnel reflector; array of heliostats with central receiver are types of concentrating collector configurations. The simplest and most inexpensive means for increasing the solar energy flux incident onto a surface is to attach one or more planar reflectors to the main harvester system. Concentration devices can produce elevated operating temperature under clear sky conditions, but require good optical components, more precise construction techniques and generally a mechanism for tracking the sun. A reflector augmenting a collector is, however, the best solution at utilizing both diffuse and beam (direct) radiation, while providing a moderate concentration with minimal tracking [1] . The cost of the plane reflector is less than 5% of the cost of the PV system, while it can provide more than 15% yearly enhancement in solar energy collection inside soar energy devices. So, plane reflectors are very promising as an ideal method of improving the efficiency of PV modules with minor cost [2] . The feasibility for the addition of flat reflectors to PV panels is techno-economically investigated in [3] for various applications (building attached PVs, ground installations, grid-connected or standalone units), various constructions and various PV types (mono-crystalline and amorphous silicon PV panels). External reflectors have been analysed theoretically and in some works also experimentally for a single solar collector in literature [4] [5] [6] [7] [8] . Reflector in front of a collector is one of the options for improving the performance and cost-effectiveness of large collector fields. In solar fields the distance separating the rows has to be large to minimise shadowing effects early and late in the year. At high latitudes, a lot of solar radiation falling between the collector rows is not used in the summer. By introducing reflectors between the collector rows, most of this energy can be utilized by the collectors, reducing both the collector and land area requirements for a given load. Besides all these works the passivity side of reflector deployment in solar fields still under argumentation.
In this paper we present a modeling study of PV (photovoltaic) and/or thermal collectors with the aim of predicting the enhancement of the annual radiation harvested by a solar collector due to matching with the reflective surface, mounted diagonally between two adjacent rows. In this regards we have performed a theoretical analysis on a tilted collector and reflector system in order to determine the optimal angle of collectors corresponding to a specific solar field's design parameters and for any location on the Northern hemisphere. A cross section of a collector array with reflectors is shown in Figure 1 .
We normally choose a tilt angle for solar collectors and plane reflectors in solar field installations, this increases the energy yield and decreases the losses due to collector and reflector dirtying compared to horizontal systems. Practically the reflector may be divided into two parts in such manner, that the upper part of the reflector ( , through the space between the rows for cleaning or maintenance purposes. The shadow is not involved in this study because the reflector is not shadow causative in this arrangement, according to the study assumptions.
Solar Radiation on a Single Tilted Surface
For purposes of solar process design and performance calculations, it is often necessary to calculate the hourly radiation on a tilted surface. There are many models and softwares developed and utilized by researchers to estimate solar irradiance and PV-array performance in solar fields. The National Renewable Energy Laboratory System Advisor Model (SAM) is used four radiation models included in the TRNSYS radiation processor within SAM: Perez, Hay & Davies, Reindl, and isotropic sky. While in the EnergyPro is used the Reindl model. The model considers the anisotropy diffuse sky model formulated by Hay and Davis [9] . This model is suitable for clear conditions, and most of the diffuse will be assumed to be forward scattered [10] . It includes components of beam directly from the sun and diffuse irradiation from the circumsolar and the sky dome, and beam and diffuse irradiation reflected from the ground. The total solar radiation ( , t s T I ) on a tilted surface at slope ( s S ) from the horizontal for an hour as the sum of three components is given as: 
where: L denotes the local latitude, angle δ is the declination angle, and h is the hour angle:
( ) The direct beam radiation and sky diffuse are calculated from the following formula [11] : 
where A, B and C are constants for every day and are given in Table 1 for the 21 st day of each month [11] .
The optimum tilt angle had been early calculated in [12] and was found as:
The annual solar radiation incident on a single tilted surface has been calcu- lated for comparison purpose. Figure 2 illustrates the optimum surface tilted angle and the corresponding annual solar radiation for various latitudes on the Northern hemisphere.
Geometry of the System
The flat concentrator system to which we will refer, to quantify the amount of radiation incident on the collector is extended diagonally from the top of the preceding row to the bottom of the succeeding row as it illustrated in Figure 1 .
A cross-section of one row is depicted schematically in Figure 3 , in where all the dimensions which we need for the simulation are presented for the collector-reflector system.
The values of the reflector height to the collector height ratio 
reflector tilted angle ( r S ) are calculated according to the field design parameters:
 the collector tilted angle, and distance separating the rows to the collector height ratio, respectively. According to Figure 3 , the reflector tilt angle is given by the following formula:
And, the reflector to collector height ratio is calculated from the following formula:
The variation of the reflector parameters , 
Modeling of Solar Radiation in Solar Fields Augmented by Plane Reflectors
Principally, the approach discussed herewith is based on the following assumptions:
1) The analysis is 2-D. This means no irradiance from the reflector is falling away from the sides of the collector, this assumption is acceptable for multi-rows large solar fields with very long length of the collector and reflector;
2) The sky-diffuse irradiation is assumed to be anisotropic, and is determined by using view factors presented in a previous work [13] , for both the collector and the reflector; 3) The reflector surface is considered fully polished and therefore, the incident angle and reflect angle of the sunray are the same; 4) The collector is able to see only the sky and the reflector surface; 5) When the effective length ratio is greater than 5 the reflected rays considered parallel to the collector plane; 6) The collector and reflector surfaces are always illuminating and there is no shadowing effect; 7) The reflectivity of the reflector surface is constant and independent on the solar incidence angle. The model considers the anisotropic diffuse sky model, which includes components of beam, diffuse irradiation, and beam and diffuse irradiation reflected from the reflector, as it depicted in Figure 5 . The collectors are south facing ( angles and the diffuse components by the corresponding view factors, the summation of them will be the total solar radiation incident on the collector. Now our aim is to calculate the following:
1) The solar incident angles;
2) The view factors; and
3) The beam and sky-diffuse solar radiation components.
The Solar Incident Angles
There are only four independent variables for the solar field; the first two are the
, the third is the location (latitude), and the fourth independent variable is, of course, the time represented in solar angles. From our point of view, the incident solar angle represents the connection between the solar field design parameter and the position of the sun in the sky, and it will be a good indicator for analysing the problem, for this reason we choose the incident solar angle instead of solar altitude angle which adopted by others. There are three incidence angles in this arrangement, those are: 1) Incident angle from the sun to the reflector ( , 
The incident angles have been calculated for Brack-Libya (L = 27.53˚N) at solar-noon for spring equinox, and for summer and winter solstices as a function of the solar-field design parameters and plotted in contour manner in Figure 6 , Figure 7 , and Figure 8 . As presented in the Figure 6 , the incident angle of the θ → ≥  ) the collector interested by the beam and diffuse components from the sun and the sky direct to the collector and the isotropic sky-diffuse reflected from the reflector only, because there are neither beam nor circumsolar incident on the reflector surface. Consequently the effective height ratio is set to be zero.
View Factors Calculations
Sky view factors for both the collector and the reflector are calculating according to [13] . The equations are rearranged in terms of dimensionless parameters. The collector-sky view factor c sky F − and the reflector-sky view factor r sky F − are rewritten in the following forms: 
Using the view factor algebra the collector-reflector view factor is: 
Dynamic Analysis of the Collector and the Reflector
Due to the continued change of the sun position on the sky, therefore, the solar radiation geometry is also changing. In this manner, we introduce five possible cases for the situation of the reflected beam irradiance from the reflector to the collector according to the concentration level. Accordingly, we illustrate the five cases graphically in Figure 9 . In where: a) Zero concentration: when the reflector is blocked by the shadow of the previous row. b) Nonhomogeneous high-concentration: when all beam radiation incident on the reflector is reflected to a portion of the collector. c) Homogeneous normal-concentration: when all beam radiation incident on the reflector is reflected to the entire collector without any losses. d) Homogeneous low-concentration: when only a fraction of the beam radiation incident on the reflector is reflected to the entire collector with some radiation missing outside the collector. e) Zero concentration: when the reflected beam radiation from the reflector is parallel to the collector's plane. Figure 10 illustrates the dynamic analysis of all angles affecting the solar radiation incident directly from the sun on both surfaces of the collector and the reflector and reflected irradiance from the reflector to the collector. The diffuse-sky irradiances and its reflected component are independent of these angles. However, they are dependent on the view factors of the reflector-sky, collector-sky and collector-reflector view factors.
Knowing the solar incident angle on the reflector , t i r θ , which is a function of the time, day and the latitude, and according to Figure 5 , one can determine the angles illustrated in Figure 10 from the following formulas: 
where t is the time, which presents the dynamic situation of the problem.
As regards the treatment of the problem we introduce a new quantity named "effective collector height ratio
". This quantity is an essential indicator for classifying the operation regime of the collector. This parameter indicates to the collector portion that is illuminated by the reflected irradiance from the reflector, and it is expressed as a dimensionless in the form:
In this context, this parameter is considered as a tool to determine the solar energy situation of the collector-reflector system. Table 2 shows these situations according to the effective collector height ratio. Since all angles and view factors are determined, it is now possible to estimate the solar radiation incident on the reflector and the collector.
Solar Radiation Components Calculation
According to the above mentioned analysis, the definition of all irradiances ( , t c T I ) that strike the collector's surface, may be expressed as:
where: the geometric factors In cases (A and E) the ratio
is set to be zero, which means the collector has not be received reflected beam and circumsolar irradiation and it has be received only isotropic diffuse from the reflector.
Results and Discussion
An MsExcel sheet has been prepared in order to calculate all variables involving in the simulation process. Table 3 presents the input variables and their values. The results have been obtained for a site (Brack -Libya) locates on latitude angle of 27.53˚N and longitude angle of 14.28˚E.
Applying Equation (17) to calculate the total solar radiation incident on the collector, the results obtained were plotted in Figure 12 θ ) is large (see Figure 7) and Figure 12 . Hourly total solar radiation incident on a solar collector employed a flat reflector for spring equinox and for summer and winter solstices for various solar field design parameters. Figure 13 . Percentage of solar energy collection improvement with respect to a single collector tilted to optimum tilt angle which equal to 30˚ according to [12] , for Brack El-ShatiLibya.
that occurred when the sun on the southern hemisphere during the winter solstice and also during the spring and fall equinoxes the opportunity of high concentration is large case (A, B and even D) and the effective height ratio is less than unity. While-in contrast-during the summer solstice, the sun is high in the sky dome and ( , t i r θ ) is small, the effective height ratio is relatively bigger and the reflected energy tended to fail outside of the collector's area (cases C and E), as it evident from Figure 11 .
The annual enhancement percentage in solar energy collection with respect to a single surface tilted angle 30˚ is depicted in Figure 13 for Brack El-Shati site. It is evidence from the Figure 13 that the optimum tilted angle of the collectors is increased with increasing the distance ratio; this relation can be established as a polynomial of fourth order with 
The obtained results show that, the annual solar energy collection increases by 72% for solar collector tilt angle of 70˚ and decreases by 4% for collector tilt angle of 10˚, when the distance separating the rows ratio is presented in Figure 15 . A polynomial that fits these variables has been obtained by using MATLAB program and attached with the left side of Figure 15 .
Conclusions
From our knowledge the solar radiation in stationary flat-solar fields is less than 5%
than that in a single solar collector. This reduction in solar radiation is mainly The results were obtained by this work significantly coincident with previous experimental results carried by others (such as [5] [7] ), which makes us confident in recommending the use of the proposed approach for the design and optimization purposes of solar fields.
Recommendations
Further investigation must be followed to examine the effects of the inhomogeneous solar radiation distribution through the solar collector on the electrical performance of the PV solar fields. As it is shown in this work, the operation regime of the solar collector is almost located in the case "A" where < , the PV panels will suffer from the variation of solar radiation distribution. An economic study is recommended in order to determine the benefits of utilization of plane reflectors in solar fields of PV panels. Furthermore, the assumption that the output is proportional to irradiation will probably overestimate the output from PV modules with reflectors, since increased irradiation from the reflector increases the module temperature.
